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AN 85 GHz QUASIOPTICAL GYROKLYSTRON EXPERIMENT

Chapter 1

Introduction

For over twenty-five years, gyrotrons have been under development as efficient,

high-power sources of coherent electromagnetic radiation(1,2]. As evidence of the rapid

. progress in recent years, several companies now commercially market gyrotrons with
high average power. However, more research is required to fulfill stringent device re-
quirements for future systems. Possible applications of these devices incdlude heating
and current profile control in magnetic fusion plasmas, drivers for particle accelerators,
high resolution millimeter-wave radar, active atmospheric sensing, and electromagnetic
wigglers for free electron lasers. The common element that makes the gyrotron attrac-
tive for these varied uses is its ability to provide higher power at higher frequencies
than conventional microwave tubes.

The possibility of using millimeter waves for electron cyclotron resonance heating
(ECRH) of fusion plasmas has provided a great impetus for source development. Future
fusion experiments will require tubes which will operate stably in a single mode and
deliver 1 MW or more per unit. Current research programs are concentrating on
generating high-power radiation at frequencies of approximately 140 GHz, with future

goals of 1 MW at 280 and 560 GHz. These power requirements are several orders

of magnitude higher than present sources can provide. There are also a number of
applications where phase stability and coherence are important, such as drivers for
linear accelerators and high-frequency radar. Gyrotrons with both of these attributes,
high power and phase control. would certainly generate a good deal of interest.

The gyrotron converts the transverse energy of the electron beam to radiation fields
via the cyclotron maser instability[3,4]. where electrons bunch in phase space due to
the relativistic mass effect. A conventional gyrotron tube is comprised of a magnetron
injection gun, a beam tunnel, a cylindrical cavity, a beam collector, and a vacuum
window. In a gyro device, electrons with a large transverse energy spiral along an
applied axial magnetic field. When such a beam passes through a cavity where a
harmonic of the cyclotron frequency is close to the resonant frequency of the cavity,

there can be an efficient exchange of energy between the beam and the wave fields.

Manuscript approved September 16, 1993,




Since the frequency of the radiation depends upon the strength of the magnetic field
and not an intricate slow wave structure, large cavities may be utilized which have
moderate energy density and provide high output powers. Gyrotrons usually operate
in a high-order cavity mode and care must be taken to ensure that the device operates
in the desired mode.

There are many device configurations which exploit the cyclotron maser instability,
including gyrotron oscillators, gyroklystrons, and gyro travelling wave tubes. The most
advanced tube in the gyro family is the single-cavity gyromonotron oscillator. Recent
experimental results include operation at 140 GHz at power levels of 1.3 MW in 3 usec
pulses with 40% efficiency[5]. The highest average power attainable to date in devices
with comparable frequency is approximately 100 kW continuous-wave (cw)[6], with a
near-term development goal of 400 kW. One active area of research is maximizing the
efficiency of these high frequency gyrotrons at high beam currents(7]. Possible reasons
for low efficiency at high current include a deterioration of the beam’s transverse energy,
electrostatic instabilities in the electron beam, mode competition effects in the cavity,
space charge effects, nonoptimum bunching of the electron beam, and the inability to
access the high efficiency region of the parameter space. A novel cavity has been used
to increase the bunching of the beam at the entrance of the output cavity and reduce
sideband mode competition[8]. This technique has improved both the peak power and
efficiency of the gyrotron at a beam current of 40 A.

As the frequency and power of gyrotrons are increased, the dimensions of the cavity
must increase to keep ohmic losses at a tolerable level. However, the mode separation
in the resonator scales inversely with the volume, i.e. Aw/w ~ (A/L)>. At millimeter
wavelengths, the mode density is so high that stable, single-mode emission may be
impossible. In 1981, Sprangle et al. proposed a variation of the conventional gyrotron
called the quasioptical gyrotron (QOG)[9]. This device has the potential for generating
high average power at millimeter and submillimeter wavelengths with improved mode
stability good efficiency.

The resonator in the quasioptical gyrotron is formed by a pair of spherical mirrors

separated by many radiation wavelengths, as shown in Figure 1. The finite size of
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Figure 1: Cross-section of a quasioptical resonator with annular electron beam.

the mirrors causes large diffraction losses for high-order transverse cavity modes. The
quality factors for these modes are typically five times less than that of the fundamental
TEMpo; mode. Thus, only a single transverse mode will oscillate in the gyrotron.
The mode density is effectively reduced to that of a one-dimensional resonator where
Aw/w ~ (A/L). The resonator mode is approximately Gaussian in shape with a field
maximum at the center of the mirror. Since the resonator mirrors are well removed from
the interaction region, the ohmic heating density at the mirrors can be made small.
The large mirror separation is advantageous because it provides a large interaction
region, allowing for high input beam power with low power densities.

In the QOG, the direction of electron beam propagation is perpendicular to the
axis of the resonator so that the collection of the radiation is separate from that of the
electron beam. This geometry is advantageous for high power devices and allows for a
simplified depressed collector. For a symmetric quasioptical resonator, the diffraction
losses around the mirrors increase as the mirror separation is increased. However.
the radiation waist near the center of the cavity is insensitive to changes in mirror
separation. This allows for a method of varying the output coupling while holding the
beam-wave interaction length constant. This is a feature unique to the QOG that is
advantageous experimentally, since the output coupling is directly related to the electric
field strength in the cavity. If the electric field strength becomes too large in the cavity,

the separation between the mirrors can be increased to reoptimize the efficiency and




further increase the power.

The first QOG experiment was carried out by Hargreaves et al. in 1984 at the Naval
Research Laboratory (NRL)[10]. This experiment was performed using an electron
beam voltage of 60 kV and a maximum current of 17 A. The mirror separation was 4 cm,
which corresponds to a longitudinal mode separation A f = ¢/2d = 3.75 GHz. Since the
interaction bandwidth was of the order of the mode density, single-mode operation was
expected and observed in the experiment. The highest measured efficiency was 11% and
the maximum output power was 80 kW. It was estimated that the electronic efficiency
was significantly larger due to large ohmic losses in the resonator and nonoptimum
output coupling.

More recent experiments at NRL have utilized a larger resonator and a high power
electron gun{11.12]. Typical mirror separations are 25 cm, with the ability to vary the
separation from 20 to 28 cm from outside the superconducting magnet dewar. This
mirror holder allows for optimization of mirror alignment and translation of the entire
resonator with fixed mirror separation to study coupling of the beam to the standing
fields in the quasioptical resonator. The new gun, which is identical to the electron gun
used in the MIT megawatt gyrotron oscillator program, provides up to 50 A of current
at voltages up to 100 kV. To date, the maximum power from this QOG device is 600
kW with a peak efficiency of 13%. Recent results on a QOG have also been obtained
at Lausanne[13], and a review of quasioptical gyrotron development is given in [14].

A theoretical model has been developed to calculate the efficiency of the QOG
in both single-mode and multimode operation. Under single-mode conditions with
a pencil beam placed on a field maximum in the output resonator, it can be shown
that the nonlinear analysis is identical to that of the conventional gyrotron except
for several normalization constants. Thus, the extensive theory previously developed
for the gyrotron may be used[15]. When the effect of the annular electron beam is
considered, an averaging process must be performed. Because of the standing fields in
the resonator, electrons at different positions experience different electric fields. Some
particles pass through field maxima while some pass through nulls. Thus, the efficiency

of the QOG will be less than that of a conventional gyrotron due to the beam geometry.




An ideal geometry would use a sheet-beam electron gun where beamlets are placed on
field maxima. An alternative is to tilt the resonator axis by a few degrees with respect
to the plane perpendicular to the direction of beam propagation[16). In this geometry,
each electron passes through the staning fields of the odd and even longitudinal modes
in the resonator. This yields better mode suppression and better single-mode efficiency
at the expense of requiring larger electric fields in the resonator. Recent experimental
results have shown that the tilted resonator increases the single-mode efficiency (9%)
but has little effect on the maximum efficiency (12%) and the parameter space available
for stable single-mode operation{17).

The theoretical problem becomes more complicated when more than one longitudi-
nal mode is present in the resonator. For large mirror separations, many longitudinal
modes experience gain and the output would be expected to be multimoded. How-
ever, it has been shown that it is possible for one mode to nonlinearly suppress other
modes[16,18]. Hence, there are regimes where the mode density is high but the output
is single-moded. This behavior has been confirmed experimentally under high-power
operation, although the output of the QOG is usually multimoded. In a conventional
gyrotron, the detuning between the operating frequency and the relativistic cyclotron
frequency is selected by adjusting the magnetic field or the beam voltage. In the QOG,
however, the detuning is determined by the nonlinear dynamics of the multimode evo-
lution. Hence, it is difficult to predict if the output will be single-moded, and even
more difficult to operate the gyrotron at optimum detuning.

Most gyrotron applications require a single-mode output, so that suppressing un-
wanted longitudinal modes is of interest in the QOG. Even if multimode operation
is permitted, it is not clear whether the optimum efficiency of single-mode operation
can be obtained. Multimode theoretical efficiencies are comparable to optimum single-
mode efficiencies in the Q0G[19,20,21}, although both of these predictions overestimate
experimental results to date. Peak experimental efficiencies are on the order of 14%
while multimode simulations predict over 25%.

One technique which can be used to select the optimum longitudinal mode in the

output resonator is to use an external source to set up the rf field at the desired fre-




quency. This may be accomplished by direct injection of radiation into the output
resonator(22.23] or by prebunching the electron beam in an upstream resonator([23].
Direct injection requires a high power circulator or isolator so that the external source
is not locked by the gyrotron. The input coupling system would also have to sus-
tain the high electric fields and large average power flow from the output resonator.
These requirements are difficult to satisfy at millimeter wavelengths, so prebunching
the electron beam is considered here.

A two-resonator quasioptical gyroklystron, shown in Figure 2, comprises a pair of
open resonators separated by a field-free drift region. An extended interaction oscillator
(EIO) is used to excite the first resonator. Electron cyclotron absorption provides
electrons in the prebunching resonator with a “kick” in perpendicular momentum,
depending upon their entrance gyrophase, so that the particles gyrate at different
frequencies in the drift region. If the strength of the electric field in the first resonator
and the length of the drift region are chosen properly, the electrons will arrive at the
output resonator strongly bunched in gyrophase angle and will efficiently give up their
energy to the wave fields. Additional cavities and drift regions can be added to increase
the phase bunching of the electrons at the entrance of the output cavity.

In much of this work, we cotsider the case where the beam current is above the
threshold current of the output resonator in the absence of a prebunching signal. Thus,
this regime of operation is fundamentally different than the gyroklystron amplifier. The
strength of the prebunching signal and the frequency difference between the two sources
has a profound effect on the operation of the gyroklystron. If the prebunching signal is
sufficiently large and the frequency difference small, the gyroklystron will operate as a
locked oscillator where the equilibrium has a specified phase[24]. Here the steady state
operation of the output resonator depends upon the amplitude, frequency, and phase of
the prebunching signal. It is in this regime that the electrons are strongly prebunched
and the peak gvroklystron transverse efficiency is higher than that of the single cavity
gyrotron[25]. The drive signal is present throughout the duration of the oscillation and
has a strong effect on the steady state of the oscillator. A perturbation theory for phase

locking by prebunching the electron beam is presented in {26], while the slow-time-scale
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Figure 2: Schematic of a two-resonator quasioptical gyroklystron

equations of motion are solved for both direct injection and prebunching in [27] for a
cavity gyrotron.

A second region of operation is the mode-primed gyroklystron, where the external
source is used only during the build-up of fields in the output resonator[23]. The pre-
bunched electron beam selects a particular longitudinal mode in the output resonator,
which is given an initial advantage over neighboring modes. If this mode is stable with
respect to decay into sidebands, it will grow and nonlinearly suppress satellite modes.
The prebunching signal is used to mode prime the oscillator, and does not affect the
frequency of the final state. The main advantage to mode priming is that the beam pre-
modulation need only be large compared to the noise present at the start of oscillation
in the output resonator. This reduces the power requirement for the millimeter-wave
source, which is often a limitation at high frequencies.

Another configuration is the mode-locked gyroklystron, shown in Figure 3, where a
portion of the output is fed back into the input resonator{28]. The mirror separation of
the prebunching resonator is chosen so that only one mode in the output spectrum is

resonant in the prebuncher. Thus, the input resonator acts like a filter and the feedback
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Figure 3: Schematic of a mode-locked gyroklystron showing feedback.

of the desired longitudinal mode is accomplished without an external source. In the
mode-locked case, the frequency of the oscillator is fixed and there is a relative phase
between the two resonators, although the equilibrium doesn’t have a selected phase.

An alternative technique which does not require an erternal source is the gy-
roklystron oscillator[29]. This device is operated at a beam current slightly above
the threshold current for the prebunching resonator. The electric field in the first res-
onator will modulate the electron beam and excite that particular frequency in the
output resonator. If the current is increased further, the strong rf fields in the input
resonator will introduce a large energy spread to the electrons and spoil the efficient
oscillation in the output resonator. Thus, this type of device will only operate over a
limited range of parameters.

There has been much more experimental and theoretical work on gyrotron oscil-
lators than gyroklystrons. Recent experimental results have been outstanding at a
number of research facilities. In an early study, Varian Associates designed and tested
a 28 GHz two-cavity gyroklystron at the fundamental cyclotron frequency in 1977[30j.
The tube operated with a maximum gain of 40 dB and an output power of 50 kW. This




was far below the design goal of 200 kW. There was a good deal of difficulty getting
the tube to operate in the desired TEg; mode due to spurious oscillations in the input
cavity and beam tunnel. Both the TE;; and TE,;; modes could propagate in the drift
tube. After the tube was loaded with lossy material, stable operation was possible, al-
beit at low efficiency. The low efficiency was attributed to space charge effects, velocity
spread, or gyro-TWT amplification of parasitic modes in the drift region. The same
year Varian constructed a second-harmonic gyroklystron which was to operate at 10.4
GHz[31]. This tube was plagued by spurious oscillation at the fundamental frequency.
It was concluded that more work was required to effectively load the fundamental in
the presence of the second harmonic. In 1978 the Soviets reported on a pre-1967 gy-
roklystron which achieved an efficiency of 70%[32]. However, virtually no details of the
experiment were given so it is difficult to derive much benefit from this work.

One of the more successful gyroklystrons tested to date has been the Naval Research
Laboratory’s 4.5 GHz three-cavity tube[33]). This gyroklystron achieved a maximum
output power of 52 kW, 33% efficiency, and a small signal gain of 22 dB. The experiment
was designed so that only the fundamental TE g, mode could oscillate in the rectangular
cavities and the drift regions between the cavities were cut-off to propagating modes.
Hence, this tube did not experience problems with unwanted oscillations in the input
cavities or drift spaces that plagued earlier gyroklystrons. The estimated ratio of
perpendicular to parallel velocity ratio in this experiment is 1, so that the experimental
perpendicular efficiency is 60%. This experiment definitively demonstrated that high
efficiency is possible in a gyroklystron configuration. This tube was also operated
in the locked-oscillator regime where a low power input signal controls a high power
oscillation. Since the output is locked in frequency and phase, this type of device
is attractive for applications where phase control is important. Another useful effect
observed was that of mode priming. Here, the system was operated where several
longitudinal modes could oscillate simultaneously. However, by injecting a small signal
into the input cavity, the electron beam is premodulated before it enters the output
cavity. The premodulation manifests itself by preferentially exciting one of the modes

in the output cavity. T’ e technique of mode priming should prove useful in highly




overmoded devices where mode competition is an issue and it is difficult to operate in
the desired mode.

The University of Maryland has undertaken an ambitious program to develop a high
peak-power gyroklystron for advanced accelerator applications[34,35]. The ultimate
goal of the program is to provide 100 MW in a 0.8 usec pulse at 174 GHz. An
intermediate milestone is the developfnent of a 30 MW gyroklystron amplifier with a
pulse length of approximately 1 usec. This design is approximately three orders of
magnitude greater in peak power than the best gyroklystron to date. A good deal of
effort has gone into suppressing stray oscillations in the drift regions and the cavities,
where a theoretical model has been developed to calculate the quality factor for the
various modes that can oscillate in the tube. It has been shown that a large number of
modes have starting currents below the intended operating current of the gyroklystron.
The solution to this problem is to resistively load the drift sections and beam tunnel
with lossy ceramic, which has increased the stability of the tube and allowed for the
propagation of larger beam currents. Recent results include pulsed amplifier operaiion
at 9.97 GHz up to 29 MW in 1.2 usec pulses with 26 dB gain and 31% efficiency(36,37,
38]. Also, operation has been achieved with the output cavity operating at the second
harmonic so that the output frequency is 19.94 GHz with 25 MW output power and
25% efficiency[39].

Results on millimeter-wave gyroklystron experiments in the former Soviet Union
have re~ently become available[40]. At a frequency of 35 GHz. a two-cavity gyroklystron
operating in the TEy; mode has produced 1 MW output power in 100 usec pulses with
20 dB gain, 25% efficienc, and a duty factor of 1072. A 94 GHz gyroklystron amplifier
has achieved 65 kW peak power with 25% efficiency and 30-35 dB gain using four
cavities in the TEq; mode. These encouraging experimental results demonstrate that
high power and efficiency are possible using gyroklystrons, which are attractive where
phase and frequency control are important issues.

Most gyroklystron experiments vo date have operated with relatively large electric
fields in the input resuviict.. and short drift spaces to minimize the deleterious effects of

velocity spread. Because of experimental constraints, the quasioptical gyroklystron is
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designed with a long drift region and modest electric fields in the prebunching resonator.
This approach is made possible because the electron beam is nearly perpendicular to the
axis of the resonator so that k, = 0. Thus. the quasioptical gyroklystron is relatively
insensitive to a spread in pitch angle.

There are a number of other technical advantages in using an open resonator in the
design of a gyroklystron. Since high order transverse modes are not excited, spurious
oscillations in the input and output resonators are eliminated. This was one of the
most severe problems encountered in early gyroklystrons. In the QOG, the path of the
output radiation is perpendicular to the direction of propagation of the electron beam.
Thus, there is a high degree of isolation between the input and output resonators,
which is required for klystron operation. The drift region between cavities has often
been troublesome for gyroklystrons. However, the drift tube design used in the QOG
is the same as that in the MIT and Varian megawatt gyrotron oscillator designs. It
has been proven effective in suppressing oscillations in the oscillator configuration and
should present no difficulties in the two-cavity device.

This report describes the design and test of an 85 GHz quasioptical gyroklystron
and is organized as follows. Chapter II contains the linear theory used to design much
of the gyroklystron experiment. Here it is shown that a relatively long drift region may
be used if care is taken when specifying the magnetic field values in the two resonators.
Under these conditions, the phase bunching of the electrons is preserved in the presence
of velocity spread and a large bunching parameter may be obtained. The design of the
quasioptical resonators used in the experiment is presented in Chapter III. This work on
the prebunching resonator represents the first application of coupling to a quasioptical
resonator with large diffraction losses. The cold test measurements of the low-Q input
resonator are compared to a diffraction-theory model, and good agreement is obtained.
Chapter IV describes the experimental apparatus and diagnostics. Millimeter-wave
diagnostics are used to measure the average power from the experiment, the frequency,
the pulse shape, and the frequency and phase difference between the input and output
sources.

The experimental results are presented in Chapter V. First, capacitive probes in
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the drift tube are used to measure the average pitch angle of the beam electrons.
These measurements are compared with calculations, and are in reasonable agreement
with the electron trajectory simulations. Experimental observations of mode priming
are then documented. This is the first demonstration of mode priming in a highly
overmoded oscillator at frequencies near 100 GHz. The output of the gyroklystron is
single-moded although the mode density is high, which represents the first operation of
a QOG in a single mi0de at peak power and efficiency. Mode priming by prebunching
the electron beam allows operation at higher frequency detuning and efficiency than a
free-running oscillator. A new technique called alpha priming is also described. Here,
the beam alpha (a = vy /v) is ramped to excite a high frequency mode during the
rise of the voltage pulse. This results in even higher detunings and efficiencies, with
a peak measured electronic efficiency of 22% in a single longitudinal mode. Studies
of mirror alignment and second harmonic radiation are described, which may prove
to be quite important in obtaining high power operation of a QOG. The addition
of a simple, single-stage depressed collector is presented, which increases the overall
efficiency of the gyroklystron to greater than 30% with a collector efficiency of 50%. In
the next section, the gyroklystron is operated in the amplifier regime by lowering the
average a of the electron beam so that the output resonator is below the oscillation
threshold. Measurements of amplifier gain, bandwidth, chirp of the drive source, and
phase measurements are described, along with a brief discussion of the gain predictions
from linear theory. Typical operating parameters in the amplifier regime are 18 dB
gain, 10% efficiency, and 30 kW output power. The last section of this chapter is
devoted to phase-locking measurements performed on the gyroklystron by prebunching
the electron beam in an upstream resonator. The gyroklystron is locked over the entire
linewidth of the output resonator with a peak power of 70 kW and 16% efficiency.
Comparisons are made with nonlinear phase-locking theory.

Chapter VI contains a brief discussion of the experimental measurements in the
context of normalized gyrotron parameters, so that comparisons with theory are more
easily understood. Time dependent, multimode simulations are then presented for the

cases of mode priming and alpha priming. Both of these phenomena are observed in
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the simulations, and demonstrate the advantage of increasing the frequency detuning
so that the gyroklystron operates in the hard excitation regime. A general discussion
of the experimental observations and theoretical calculations is also presented in this

chapter. Conclusions and suggestions for future research are discussed in Chapter VII.
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Chapter 11
Linear Theory Calculations

The linear and nonlinear theory of quasioptical gyroklystrons has been presented by
a number of researchers{19,20]. The most common configuration considered is a low-Q
prebunching resonator, a drift region, and a high-Q output resonator. Linear theory is
used to calculate the phase bunching of the electrons in the prebunching resonator and
drift region since the assumed electric fields are small or zero. The bunched electrons
can then be injected into the output resonator, where the equations of motion are
self-consistently integrated for a population of particles with predetermined entrance
phases. This is in contrast to the single-cavity gyrotron, where the phase bunching and
energy extraction occur in the same cavity.

In the present experiment, the magnetic field is nonuniform for much of the region
preceding the output resonator. The first section of this chapter calculates the phase
bunching of the electrons in the tapered field produced by the superconducting magnet.
It is shown that a field gradient reduces the bunching parameter somewhat but poses no
serious limitations to the experiment. Section B examines the effect of velocity spread
on the linear efficiency of the gyroklystron. The nonuniform magnetic field can be used
to minimize the deleterious effect of thermal spread by detuning the cyclotron frequen-
cies in the two resonators. This calculation determines the position of the prebunching
resonztor so that the bunching is preserved in the presence of pitch angle spread in the
drift region. This section also includes the calculation of the starting current of the

prebunching resonator and the bunching parameter for typical experimental conditions.

A. Bunching in a Nonuniform Magnetic Field

The equations which describe the spacial evolution of the slow phase and the mo-

mentum of the particles can be written[19,20]

dd m em~y . .
—=—=(- E k ] 1
T = (2= w) + 5 E(2)sinky sin (1)
d —emy . 1p, dB
% = —217E(z)smkygcosﬂ + E%E (2)
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dp, P 1dB
£ AL 2= (3)
dz 2p. B dz

These equations, known as the slow time scale equations of motion, are derived un-
der the assumption that the wave fields evolve on a time scale much longer than the
cyclotron period. The beam-wave interaction is taken to occur at the fundamental
cyclotron frequency under the weakly relativistic limit (¥ — 1 € 1). The slowly varying
gyrophase angle is defined # = v — wt, where 9 is the particle phase, k is the free
space wavenumber, y, = y + (p, /mS)cos 3, and the electric field is polarized in the

x-direction for the geometry in Figure 1. The slow phase of an unperturbed particle is
0=+ (0 = )z, (4)

where 2 = 0 is the position of the prebunching resonator and 6; is the random phase
of the particle at the entrance of the resonator. In general, the relativistic mass factor
(7), the nonrelativistic cyclotron frequency (), and the parallel momentum of the
particle (p.) are also functions of position. If the particle is in resonance with the wave
(2 = qw), then the slow phase is independent of p, to first order. Under this condition,
electrons would tend to bunch in the longitudinal direction but remain in gyrophase
synchronism as they traverse the drift region.

The mirrors which make up the resonator are chosen to support only the funda-
mental transverse mode (TEMgyg). Higher order transverse modes have much larger
diffraction losses and typically have quality factors three to five times less than the
fundamental mode. However, any second harmonic radiation present in the resonator
will be associated with a much larger quality factor than the fundamental. Second
harmonic radiation is neglected in the present analysis. The assumed radiation profile
is Gaussian:

.2
E(z) = Eg exp [-;;—{2)—1]. (5)

Here, wy; is the radiation waist at the center of a symmetric resonator and the subscript
denotes the first resonator. The radiation waist at the center of the resonator is given

by[41]
wo = \/§<gm - d/2)t. (6)
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In this equation, d is the mirror separation and R. is the radius of curvature of the
mirrors. The separation between mirrors is determined by the allowed Ohmic heating
density while the mirror radius and curvature are chosen for an appropriate diffractive
output coupling coefficient.

Consider the case of a uniform magnetic field in the prebunching resonator. The
change in perpendicular momentum for an electron which traverses the input resonator
with a low amplitude electric field can be calculated by integrating Eq. (2) using the

unperturbed gyrophase.

em‘ro

Ap, = / E(z2)sinkygcos[fp + —(Q Yow)2)dz. (7)

Here it has been assumed that p, = p,p is a constant of the motion and the rela-

tivistic mass factor 4 is constant through the first resonator. If the magnetic field is

uniform through the prebunching resonator, 2 = Qq and the integral can be performed

analytically yielding

—(Qo = yow)*wiy m2]
4p?y .

Vremyown E

21’:0 ( 8 )

Ap, = - 18inky,cosfp exp|

The change in perpendicular momentum is a function of the entrance phase of the
particle, so that some electrons gain energy while some lose energy. Note that the
change in perpendicular momentum is due to the electric field in the prebuncher and
occurs over a distance of approximately 2wy, .

In the field-free drift region,

dé A
T = 5 (o= qw) = (@ — 00 — s

dz  py 70 m2e2™

(9)

Here, the relativistic mass factor has been modified to include the “kick™ from the
prebunching resonator.

A
701+ 550 2’;2) (10)

The particles gyrate at slightly different frequencies in the drift space due to the rel-
ativistic mass effect. The slow phase of the particle at the entrance of the second

resonator is 6 = 8y + A8 where

Af = pln_(Qo — yow){(L + 2z) + qcos b sin ky, (11)
20

16




and

_ VTwpreEg wo L (R — Yow)?wd; m?

- 2 2 e P[_ ]
2pzoc 4P£o

The variable 2 has been redefined so that z = 0 is now at the center of the power

(12)

resonator and L is the separation between the two resonators. The shape of the electron
beam is contained in the sin ky, factor, so that pencil beams, annular beams, and sheet
beams can be considered. The quantity ¢ is known as the bunching parameter in
the gyroklystron literature[19], and serves as a measure of the phase bunching of the
electrons at the entrance of the output resonator. As will be shown later, the linear
efficiency is optimized for ¢ = 1.8, although somewhat higher values are required in the
nonlinear regime.

If the magnetic field is not uniform in the prebunching resonator, the expression
for Ap, must be modified. The nonrelativistic cyclotron frequency is now a function
of position

Q(z) = Qo + 69Q(2), (13)

where 6€2(2) is a small quantity compared to €y which contains the nonuniformity of

the magnetic field. The change in perpendicular momentum is now

1 fpL
- LY 14
Ap, = Apyg + 5 BdB (14)
where
_ —emy [ E(2) .
Apyp = 5 /pz(Z) sin kyy cos 8dz (15)
and
m
o:/—- +6Q(2) — yow)dz. 16
5 (80 +60(2) - 700) (16)

It is assumed that the relativistic mass factor is constant with respect to position. This
should be a good approximation for the purpose of calculating the momentum change
in the first resonator since the electric field is small and the change in particle energy
is small (Ay/v0 <€ 0.01). To first order, the second term on the right side of Eq.
(14) is independent of the entrance phase of the particle and does not contribute to
the gyrophase bunching in the drift region. Thus, Ap ¢ is the quantity of interest to

determine the effect of the nonuniform magnetic field on the gyrophase bunching.
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Figure 4: The magnetic field produced on-axis by the cross-bore magnet.

The superconducting magnet used in the quasioptical gyroklystron experiment has
a magnetic field with a positive taper for much of the region preceding the power
resonator. A plot of the magnetic field versus position is shown in Figure 4. The
slope of the magnetic field near the first peak is approximately 0.9 kG/cm at the
position z = —10 cm. The magnetic field may be written B = By + 6B(z), where
6B(z) = 0.9z. Here z is given in centimeters, the magnetic field is in units of kG, and
z = 0 is referenced to the center of the prebunching resonator. This expression may be
substituted into Eq. (15) to calculate Ap,4. The parallel momentum of the particle is
also a function of axial position due to the variation of the magnetic field. Since p? /B
is an adiabatic invariant, the change in parallel velocity caused by the nonuniform field
is

6‘02(2) = 2020 Bo

(17)
The parallel momentum can now be expressed

2
po(2) = profl - %“;(:)]. (18)

The preceding expressions for E(z), p,(z), and 6§(z) can now be substituted into
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Figure 5: The change in perpendicular momentum versus frequency detuning in the
prebunching resonator for a = 1.56. The solid, dashed, and dotted curves correspond

to magnetic field gradients of 0.0, 0.5, and 0.9 kG/cm, respectively.

Eq. (15). Although it is impossible to perform this integration analytically, it is
straightforward to implement numerically.

Typical results of the integration of Eq. (15) are shown in Figure 5. The solid curve
corresponds to the change in perpendicular momentum for a particle which traverses
the prebunching resonator with a uniform magnetic field. The broken curves correspond
to magnetic field gradients in the prebunching resonator of 0.5 and 0.9 kG/cm. There
is a shift in gyrophase angle between the uniform and nonuniform cases which has
been suppressed, since the entrance phase into the prebuncher () is arbitrary. The
variation in gyrophase shift is smooth in the detuning range between +5%. All of the
plots are normalized to the change in perpendicular momentum in the uniform field for
zero detuning.

The calculation is performed for a frequency of 85 GHz, a beam voltage of 70 kV,
and o = 1.5, where a = v_L/v". The mirror separation is 8 cm and the radius of curva-

ture is 20 cm, which correspond to the values of the mirrors used in the prebunching
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resonator. The first resonator must be driven at a frequency close to the relativistic
cyclotron frequency for the prebunching to be effective. As the magnetic field gradient
is increased. the effectiveness of the bunching decreases. The degradation in bunching
is approximately 11% for a magnetic field taper of 0.9 kG/cm for the parameters listed
above at zero detuning. For this resonator, the radiation waist is 0.94 cm so that the
magnetic field changes by approximAa.tely +5% over 4 waist radii. The effect of the
nonuniform field can be made smaller by decreasing the radiation waist in the pre-
bunching resonator. The reduction in the bunching parameter occurs for both positive
and negative field tapers, where the dominant contribution is the variation of detuning
Aw =w — Qz)/+ as the particles move away from resonance at the z = 0 position.
Figure 6 shows the results of the calculation of Ap,¢ for @ = 1.0. Although the
shape of the curves is similar, the smaller transverse energy results in a smaller change
in perpendicular momentum. Since Ap,¢ scales as 1/p,, the ratio between the two
curves is approximately 1.27 for a beam voltage of 70 kV. The bandwidth associated
with the prebunching is somewhat larger for lower a. This information is important
because it is usually difficult to get an accurate estimate of the electron pitch angle
in the experiment. A spread in a in the first resonator will introduce a spread in
the bunching parameter, therefore the nonlinear efficiency should be calculated for the

resultant distribution in q.
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Figure 6: Same as Figure 5 for a = 1.0.
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B. Effect of Velocity Spread and Nonuniform Magnetic Field in Drift Region

A large value of bunching parameter is desired so that the gyroklystron will op-
erate at peak efficiency. This can be accomplished by increasing the strength of the
prebunching field and/or increasing the separation between the resonators. Increas-
ing the separation between resonators makes this region susceptible to velocity spread
effects. It has been shown that the linear efficiency of the quasioptical gyroklystron
can be made independent of velocity spread to first order by choosing an appropriate
frequency detuning Aw = w — Q/7[19]. This result was derived under the condition

(AB) = 0. where the average magnetic field variation is defined
1 rL
(AB)= 7 / §B(2)dz. (19)
0

In the present experiment, the average variation of the field is nonzero so that the
previous calculations for the optimum frequency detuning are not valid. This sec-
tion calculates the effects of velocity spread in the drift region using the experimental
magnetic field profile.

One quantity of interest is the small signal efficiency when a uniform magnetic field
is considered. The energy that the particle gives up to the radiation field in the second

resonator can be written
AW =e | v E;dt = e/(p,,/pz YEzdz. (20)

The expressions for the electric field and the perpendicular momentum are those from

linear theory:

Pr = ppcosy = py cos(wt + 6) (21)
2

E; = Eo2sin kyg oxp [—w—2] cos (wt + ¢p). (22)
02

Here, ¢p is the phase difference between the rf fields in the two resonators and the
subscript 2 denotes the second resonator. Integrating Eq. (20) and averaging over the

gyroperiod yields

_ 2,2 .2
ewgy /T Eoap) exp [_(Qo Yow ) W, ™ Jsin ky,

AW (v5. o) 2p.0 4p?,
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X cos[m(ﬂo _70“))

oro L - ¢o + 6o + ¢sin ky, cos ). (23)

This expression for AW may be integrated over a uniform distribution in entrance

phase fp and an arbitrary distribution in the y-direction f(y,).

_ ewgyy/TEgpio (R = Yow)2wl,m?. m({y — Yow)
< AW >= pra exp [—— i ] sin [¢o — TL]F(q)
(24)
where
F(@)= [ igsin€)sin s, ()de. (25)

The function F(q) depends upon the shape of the beam, where £ is the variable of
integration in the y-direction. For example, a pencil beam gives F(q) = Jy(g), so that
the linear efficiency maximizes for ¢ = 1.84. It can be seen that the linear efficiency of

the gyroklystron is maximum for zero detuning

Aw Q
- =a-zr)=0 (26)

This is in contrast to the single-cavity gyrotron, where the output frequency is al-
ways greater than the relativistic cyclotron frequency. However, both the gyroiron
and gyroklystron reach optimum efficiency in the nonlinear regime for similar positive
detuning values[25].
The change in slow phase in the drift region is
A0=-/L(w-2)£. (27)
0 Y v
If the mugnetic field is uniform through the drift region and the electrons are monoen-
ergetic, ¢i.e change in slow phase can be written
80 = ~(w- )=, (28)
It can be seen that a spread in parallel velocity will cause a distribution in gyrophases for
electrons at the second resonator when the detuning between the cyclotron frequency
and the bunching frequency is not zero. When this spread in gyrophase is approximately
%, the bunching will completely deteriorate in the drift region and the device will

operate as a single-cavity QOG.
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It is of interest to calculate the effect of velocity spread in a uniform magnetic field
for future comparison. Consider a frequency detuning % = 3%, which results in good
nonlinear efficiency for many gyrotrons. A £10% spread in the parallel velocity of the
electrons should be easily attainable using magnetron injection guns. The maximum
length of the drift tube is determined by setting the variation in gyrophase to 7. The

drift length is written
_ T V20
T 2Av,A0°

For a beam voltage of 70 kV and a pitch angle of 1.5, the maximum length of the drift

(29)

region is calculated as 22\. The length of the drift region can be increased by lowering
the average a of the beam.

When the magnetic field in the drift region is not uniform, the cyclotron frequency
and paralle] momentum can again be written (z) = Qo + §9(2) and p,(z) = p:o —
0p.(z). It is assumed that ¥ = 99 in the drift region for the present discussion, since
only velocity spread of the beam electrons is considered here. The change in slow phase
in the drift region is now

__[Fd: L §Q(2) dz __6vz()
ao=- [ Zw-2)+ | +[o- 280

V20 Y0 V0

Here the second order term proportional to év,(2)62(z) has been dropped. The first
term of Eq. (30) is a constant with respect to z inside the integral. The other two
terms depend upon the nonuniform field. Substituting the previous expression for the

average magnetic field variation results in

2
Agz__(w__ﬂ_o).}. el <éB> +vJ'° L —(w — 29)<6B>. (31)
7o myovz0 2v? V20 V20 Yo

The technique used in this section is to expand A# in terms of the trajectory pitch
angle x, where « is defined[19]

V;0 = Vg COS K (32)
V10 = vpsink. (33)

Now, the change in slow phase can be expressed

L 6B
(__ )+ el <é6B> < >(Qo — w)tan?x. (34)
Vg COSK Yo m7o vocosn 2vgcosK Yo

Ad =
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"'he change in gyrophase angle can be expanded in terms of éx so that
1
A = Aok + §A2(6n)2 + A6y (35)

where A6 is the change in slow phase for kK = ky. The expansion coefficients are

L Qo el
Ay = —(w-— —)seckgtankg — <b6B> seckpt
1 vo( 70) Kotan Ko =~ Ko tan Ko
L <6B> Q 9
5w Be (w - ~ )[2 + 3tan® ko) sec kg tan Ko (36)
L
A = —(\.;-—Qﬂ)secno[1+2tanzno]-— el < 6B > sec ko[l + 2tan? ko)
21} Yo mYov
L <éB> Qo 2 4
5o B (w—;;—)secno[2+13ta.n Ko + 12tan® o). (37)

The linear efficiency of the gyroklystron is a convenient measure of the effect of
velocity spread that can be treated analytically. Thermal spread of electron velocities
will principally effect the the sine factor of Eq. (24) because its argument is integrated
over the entire drift region. The exponential factor is due to the force bunching in the
output resonator where the integration is performed over 2wg;. Thus, the linearized
efficiency with velocity spread can be calculated by averaging over the sine factor if
the drift region is much longer than the radiation waist (L 3 wo;, wg). Assume a

Gaussian distribution in pitch angle x = kg + 6k

2
Jé?f"" L) (38)

The expression for < AW > may now be averaged over the distribution in x.
p y ag

féx) =

<AW > = %ewmﬁEm tan ag exp [—(w - %)2w82/4”Zo]F(Q) sin (¢y — )
0

1
x(14 a*A2) V4exp [—§A§a2/(1 +a*42)). (39)

In the preceding equation,
T = Af(xo) + %ta.n"l Aga? — %A%Aza‘/(l +d'A2), (40)

The small signal efficiency of the gyroklystron without thermal spread is obtained

by setting a = 0 in the preceding equations. When thermal spread is considered,
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Figure 7: Velocity spread coefficient, defined in Eq. (41), versus frequency detuning be-
tween the two resonators. The pitch angle distribution is Gaussian with mean xq = 1.0
and standard deviation a = 0.025, 0.05, and 0.1 for the solid, dashed, and dotted

curves, respectfully.
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the coefficients A, and A; modify the expression for efficiency in Eq. (39). These
coefficients depend upon the separation between resonators L, the mean value of a,

and the magnetic field nonuniformity < éB>. Define the velocity spread coefficient
1
Cla) = (1+a*A) " exp (-5 Ala’ /(1 + a*4})). (41)

This coefficient describes the degradation of the linear efficiency due to velocity spread
and varies between 0 and 1, where C(a) = 0 results in = 0. The result of the
calculation is shown in Figure 7 for an average nonuniformity of the magnetic field
of 4.1%, which is the value for the QOG magnet for L ~ 10 cm. The mean value of
pitch angle is xp = 1.0 (@ = 1.56), while the three curves correspond to pitch angle
spreads a = 0.025, 0.05, and 0.1. The corresponding values of Aa are approximately
+5%, 10%, and 20%. The velocity spread coefficient maximizes at a frequency detuning
between the two resonators of approximately 3.6%, which is where the linear efficiency
is maximum. It is assumed that the prebunching resonator is driven near the cyclotron
frequency so that the beam is bunched effectively.

Figure 8 shows the results of the calculation of the thermal spread coefficient for
ko = 0.8, which corresponds to a@ = 1.0. The full width at half maximum of the
velocity spread for the three curves is a =0.025, 0.05, and 0.10, yielding similar values
for Aa. The maximum of the curves is shifted slightly to the right and now occurs
at Aw/w = 3.7%. The point where the effect of spread is minimized depends only
weakly upon the average value of a, so that fixing the frequency detuning does not
constrain the allowed values of v, /v). The main dependence of the optimum frequency
detuning is on the average nonuniformity of the magnetic field. The magnetic field
shape can be varied somewhat in the experiment, which allows for a technique to tune
the optimum frequency difference between the input and output resonators. Another
feature of Figure 8 is that the bandwidth of the interaction increases with decreasing
ag for large velocity spreads. Thus, it may be desirable to operate in this regime to
lower the effect of thermal spread.

The size of the bunching parameter is of considerable importance to the operation

of the gyroklystron. The condition for starting oscillation in the first resonator with
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Figure 8: Same as Figure 7 for xo = 0.8.

an annular electron beam with optimum frequency detuning can be expressed{4,21]

2(356()111'2 1 d ﬂgo 2
RQ 2 -7 eXP [51(—%-1)‘70(‘70 - l)mm- (42)

In the above equation P, is the input beam power in Watts, d is the mirror separation,
7y is the beam radius, and § is the ratio of the particle velocity to the speed of light.
Considering the geometry of the annular beam is important because some electrons pass
through nulls of the standing fields in the resonator, which decreases the efficiency of
the interaction. If the guiding center radius r, is somewhat greater than the wavelength,

then Jo(krp) ~ 0 and Eq. (42) can be written

3
RQ > 4.6 x 109(%)‘70(70 -1) ﬂ§° - (43)
10

As an example, consider a prebunching resonator with a mirror separation of 8 cm
and mirror radius of curvature 20 cm. For a frequency of 85 GHz, the radiation waist
is 0.94 cm. An electron beam voltage of 70 kV corresponds to a relativistic mass factor
70 = 1.137, and assuming a = 1.5 yields 810 = 0.40 and (3.0 = 0.266. If the quality
factor (Q) of the resonator is 2000, then the threshold current of the prebunching
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resonator is 4.8 A. The Q of the input resonator is determined by the diameter of the
mirrors and the size of the coupling hole.

The electric field in the bunching resonator determines the magnitude of the bunch-
ing parameter. A fundamental relation between the energy stored in the resonator and
power dissipated by losses is

Q=wWen /P, (44)

where W,,, is the stored electromagnetic energy and P, is the average power lost. For

a Fabry-Perot resonator, the stored energy can be written[43]

We = %eow?ndEg. (45)

Here, € is the permeability of free space and all quantities are in MKS units. For the
resonator described above and an input power of 375 Watts, the electric field at the
center of the resonator is Eg; = 1.67 x 10° V/m. The total power available from the
EIO is 1500 Watts, so the value 375 Watts should be a conservative estimate of the
power coupled into the TEMgo mode.

If the drive frequency 1s sufficiently close to the relativistic cyclotron frequency in
the first resonator, then the exponential term in Eq. (12) is approximately one. The

bunching parameter can now be written
g ~ VTwp, eEo1wo L/2p% . (46)

The separation L between the two resonators is 10 cm for a detuning of 3.6%, yielding
a bunching parameter ¢ = 2.4. Tran et al. have shown that the optimum bunching
parameter for peak efficiency with a pencil beam placed on a field maximum is ap-
proximately 3.[25] The optimum value of g for an annular beam is somewhat greater
due to variation of electric field across the beam. Thus, the maximum bunching in this
example is somewhat less than optimum.

It can be seen from Eq. (12) that the bunching parameter scales as p, /p?, so that
reducing v l/v” to 1.0 reduces the bunching parameter by approximately 50% for a
beam voltage of 70 kV. This operating regime (low a) is of interest because velocity
spread effects will be smaller and the gyroklystron can operate at higher current before

the prebunching resonator oscillates. A plot of the bunching parameter is given in
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Figure 9 as a function of beam alpha. Note that rather large values of ¢ are obtained
for @ ~ 2. In this regime, it may be possible to overbunch the gyroklystron so that the

bunching parameter is too large and the interaction efficiency decreases.
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Figure 9: Bunching parameter ¢ versus electron pitch angle a.
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Chapter 111

Quasioptical Resonators

A. Properties of Quasioptical Resonators

The quasioptical gyrotron derives its name from the use of a quasioptical resonator
in the interaction region of the gyrotron. Fabry-Perot resonators have been used ex-
tensively throughout the electromagnetic spectrum including the optical, infrared, mil-
limeter, and microwave regions. The most common reason for using an open resonator
:s to minimize losses and obtain a large quality factor (Q). In the millimeter-wave band,
applications of quasioptical resonators include the measurement of dielectric properties
of solids, liquids, and gasses, scattering studies, magnetic resonance in materials, fre-
quency measurement, and as a system component (ie-filter, mixer, diplexer). A review
of work using open resonators at millimeter-wave and microwave frequencies is given
in [42].

A schematic diagram of an open resonator is shown in Figure 10, which consists of
a pair of mirrors separated by many radiation wavelengths. The resonator mirrors are
usually curved, which tends to focus the radiation into a beam and reduces diffraction
losses around the mirrors. This type of resonator is much easier to align than one
with planar mirrors. The modes of the resonator may be calculated analytically if
diffraction around the mirrors is neglected but the focusing effect of the curved mirrors
is considered. The modes can be written as products with Laguerre polynomials in
cylindrical coordinates where the lowest order transverse mode. denoted the TEMqo
mode, is Gaussian. The wavefront of the mode is planar at the beam waist and is equal
to the radius of curvature of the mirror at the mirror surface. The resonator mirrors
used in the present experiment are symmetric except for the input and output coupling
holes.

There are two very different open resonators used in the quasioptical gyroklystron
experiment. The first resonator is used to prebunch the electrons while the second is
used for extracting rf energy from the beam. The output resonator has a high quality
factor (@) to allow for the large electric fields necessary for the efficient transfer of

energy between the electrons and the rf fields. The mirror separation is variable so
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Figure 10: Schematic diagram of a quasioptical resonator with input coupling.

that the frequency is continuously tunable. This feature is important for a number of
reasons. First, the radii of curvature of the mirrors can be chosen so that the Q varies
rapidly over a given range of mirror separations. The radiation waist of the resonator
mode is insensitive to changes in separation, thereby allowing one to vary the electric
field strength while the interaction length remains essentially constant. If the fields in
the resonator become too large, the mirror separation can be increased to reduce the
fields and reoptimize the efficiency. A second attribute of the variable separation is
thet it allows for a method to match the re' _aant frequencies of the two resonators
during the hot test of the tube. This is desirable in many instances including phase-
locked. mode-primed, and amplifier operation where the electrons should be bunched
near the frequency of the output resonator. Variable separation also allows for beam
coupling studies by translating the entire resonator across the electron beam. Finally,
the experiment is performed in a cold-bore superconducting magnet which may affect
the alignment when cooled to cryogenic temperatures. Variable position mirrors allow
for optimized alignment during the hot test of the gyrotron.

The function of the input resonator is to prebunch the electron beam before it
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reaches *he main resonator. This reguires a low-Q resonator which does not oscillate
in the presence of the beam. Strong oscillations will tend to introduce a large energy
spread among the electrons and spoil the interaction in the output resonator. The
prebuncher mirrors can be fixed to simplify construction since the output mirror sep-
aration is adjustable. The resonator must provide a means of efficient coupling to the
external source while preserving the TEMgy mode. The low @ is obtained by reducing
the size of the mirrors, which increases the diffraction losses around the mirror edges.
A comparable amount of power may be lost from the coupling aperture(s).

The quality factor (Q) of a quasioptical resonator can be written

_ 4nd
Y7

where d is the separation between the resonator mirrors and fy is the fractional round-

(47)

trip loss. The three loss mechanisms which are important in this work are ohmic,

diffraction, and coupling losses. The total Q of the resonator can be expressed

1 1 1
2 0t 0us (48)

where Qq is the ohmic @ and Qg is the Q associated with the diffraction and coupling
losses. The ohmic @ is calculated according to [43,44]

Qa = §(fruo0)t. (49)

Here uo is the permeability of free space and ¢ is the conductivity of the mirrors.
Gold-plated mirrors are used in the output resonator with a conductivity of 4.5 x
107 Siemens/m. The ohmic @ increases linearly with mirror separation and can be
neglected for large values of output coupling.

The diffraction/coupling @ is calculated separately from Q@ using a computer code
to evaluate the losses[45). The program solves the integral equations of the open res-
onator as a matrix eigenvalue problem, yielding the eigenfunctions. Inputs to the code
include the wavelength of the radiation, the mirror radii, the curvature of the mirrors,
the separation between mirrors, the dimensions of coupling holes, and a parameter
which specifies the mesh size. Qutputs from the code include the diffraction losses, the

coupling losses, and the electric field distribution along the surface of each mirror for
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the TEMgo and TEM,¢ modes. The subscripts refer to the radial and angular mode
numbers, respectively, and higher-order transverse modes may be analyzed. The so-
lution from the code converges rapidly for output couplings above 1%. The code has
been compared to results from a number of published works on open resonators. Three
resonator geometries have been considered: symmetric mirrors without coupling holes,
symmetric mirrors with coupling holes, and asymmetric resonators with one coupling
hole. Good agreement is obtained between the code and the published results for all
three geometries.

The quality factor of the output resonator used in the gyroklystron experiment is
plotted in Figure 11 as a function of mirror separation. The total ¢ and the diffractive
Q at a frequency of 85 GHz are given by the solid and dashed curves, respectively. The
mirrors are gold plated with a mirror diameter of 5.6 cm and a radius of curvature
of 38.7 cm. There is a bevel around each of the mirrors which reduces the effective
diameter to 5.5 cm. The separation between mirrors can be varied between 20-28
cm in the experiment by adjusting micrometers from outside the magnet dewar. The
total Q varies from 47,000 to 24,000 over the range of interest in the experiment,
with corresponding values of round-trip diffractive output coupling increasing from
1.3 to 4.4%. Ohmic losses are relatively small and decrease from 13.8 to 4.5% of the
diffractive losses as the separation is increased. Changing the mirror separation from 20
to 24 cm provides an excellent way to reduce the electric field in the output resonator
during hot tests. The flat portion of the curves indicate that the losses are increasing
approximately linearly with mirror separation. This type of behavior is expected from
ray optics considerations, where the diffraction can be thought of as propagating from
a point source at the center of the resonator.

An extensive series of cold tests of high-@ quasioptical gyrotron output resonators
is presented in [47]. Radiation is coupled into the resonator using a small centered hole
in one of the mirrors, while the diffracted radiation is detected using a standard-gain
horn positioned behind one of the mirrors. Thus, the total @ can be measured as
a function of mirror separation. Good agreement is obtained between the measured

data and theoretical values calculated from scalar diffraction theory using the computer
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Figure 11: Calculated @ versus mirror separation for the output resonator.

code. This work showed that the code is a valid tool to design output resonators at
millimeter wavelengths using small coupling holes and relatively small output coupling
values.

The size of the coupling hole can have a large effect on the resonator losses and mode
pattern. A small hole at the center of the mirror primarily excites the TEMgo mode,
which has an electric field peak on axis. The next higher radial mode, the TEM,o,
has a null at this position and is weakly coupled. The coupling hole is considered
small if the hole losses are a small fraction of the total resonator losses. As the hole
diameter increases, more power is lost through the aperture. Ultimately, a large hole
will distort the TEMgo mode so that it no longer has a peak on axis. There is a
minimum at the hole and the maximum is shifted towards the mirror edge, so that
the new pattern resembles the TEM;, mode. The TEM;¢ mode, on the other hand,
is minimally affected by the presence of the coupling hole. One would expect that the
total Q for these modes could become comparable in this regime where the coupling
hole is large and the fundamental mode is distorted.

An example of the degrading effect of a large coupling hole on the TEMgo mode
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Figure 12: Output resonator Q versus separation with large coupling holes.

can be seen in Figure 12. The quality factors of the TEMgo and TEM;o modes are
denoted by the solid and dashed curves, respectively. The dimensions of the mirrors
are the same as in Figure 11, except there is a 1.78 mm-diameter centered hole in
each mirror. For separations shorter than 15 c¢m, the fundamental transverse mode
actually has a lower Q due to coupling losses and field deformation. For large mirror
separations the power lost through the coupling hole is small for both modes and the
fundamental mode is again dominant. The ratio of coupling losses to total losses for
each mode is plotted in Figure 13 as a function of mirror separation. The TEM;o
mode is largely unaffected by the presence of the hole since it has a field minimum
on axis. The maximum power lost through the aperture for this mode is 1.2% of the
total resonator losses. For smaller mirror separations. the ¢ of the fundamental mode
is largely determined by the aperture, where the maximum power coupled through the
hole for the fundamental mode is approximately 50%. This is a standard result for
quasioptical resonators, which precludes the use of a centered coupling hole for efficient
output coupling. The fields of the TEMgo mode get pushed away from the aperture so

that the maximum hole loss cannot exceed ~50% of the total losses.
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Figure 13: OQutput resonator losses versus separation with large coupling holes.

The prebunching resonator for the gyroklystron experiment requires a low-Q qua-
sioptical resonator, which is accomplished by reducing the size of the mirrors. A cen-
tered hole in one mirror provides input coupling, while a second aperture in the other
mirror can be used to monitor the input resonator. One would expect that a given cou-
pling hole will have a smaller effect on a low-Q resonator than a high-Q resonator, and
this is indeed the case. Such a geometry is considered in Figure 14, where the mirror
diameters are 3.1 cm, the radii of curvature are 20 cm, and the mirror separation is 7
cm. The solid and dashed curves correspond to the quality factors of the TEMgo and
TEM; o modes, respectfully. The higher-order transverse mode is essentially unaffected
by the presence of the centered coupling holes. The @ of the fundamental mode drops
from 6600 to 2100 as the radius of the coupling holes increases to 1 mm. However, the
mode pattern of this mode is largely unaffected by the increased coupling, in contrast
to the previous case with the larger mirrors.

The calculated fractional slot loss for both modes is shown in Figure 15 as a function
of coupling hole radius. The slot loss for the TEMgo mode is still increasing approxi-

mately linearly for an aperture radius of 1 mm, which indicates that the mode pattern
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has not been disturbed significantly. The discrete points correspond to the slot loss for
the next higher transverse mode. Although these values are less than 1%, the Q of the
fundamental mode is still larger. This is an important consideration when designing
the prebuncher since the fundamental transverse mode should have the lowest starting

current.
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Figure 14: Calculated @ versus coupling hole radius for the prebuncher.
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B. Cold Tests of Prebunching Resonators

In order to understand the behavior of a quasioptical resonator during cold tests,
first consider the case of a closed resonant cavity. Coupling to such a cavity is often
accomplished by drilling a pair of holes in the cavity and driving one hole with a
section of rectangular waveguide operating in the TE,o mode[48,49]. The aperture will
couple the transverse magnetic field in the waveguide to the corresponding magnetic
field in the resonator, since the tangential electric field at the wall is zero. The two loss
mechanisms in this type of cavity are ohmic losses and coupling losses. Cold tests are
performed by monitoring the reflected and transmitted signals from the cavity, where
the initial cavity has two small holes. The most common strategy is to keep the output
hole size fixed while increasing the input hole diameter. For a small input hole, the
reflected signal is approximately 100% near the resonant frequency of the cavity and
a small transmitted signal is observed. The Q of the cavity is obtained by measuring
the full-width at half maximum (FWHM) of the transmitted resonance and applying
the relation @ = f/Af, where f is the resonant frequency of the cavity and Af is
the FWHM. For a small input hole, the coupling losses are small and the measured
Q is close to the unloaded Q (Qo). As the diameter of the input hole is increased,
the reflected signal near resonance decreases while the transmitted signal on-resonance
increases as more power is coupled into the cavity. Off-resonance, 100% of the power
is reflected and no power is transmitted. The loaded Q of the cavity can be expressed
QL = Qo/(1 + B), where 8 = Qp/Q.. The value 3 is known as the coupling factor of
the cavity and Q. is the external @ due to coupling losses. The reflection from the
cavity drops to zero at the point 3 = 1, which is known as critical coupling. The region
B > 1 is referred to as overcoupled while § < 1 is undercoupled. The power reflection

coefficient from the cavity can be written

(1-B)
(1487

As the cavity becomes overcoupled, the power reflection coefficient approaches 1. The

R =

(50)

usual goal in the cold test is to optimize power transfer to the cavity and measure the

loaded Q. This is accomplished by increasing the input hole diameter until R = 0 so
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that critical coupling is achieved.

Cold tests of quasioptical resonators (low-Q prebunching resonators in particular)
are more difficult to interpret than closed cavities because there are more loss mech-
anisms. The @ of the unloaded resonator is dominated by diffraction of the TEMgo
mode around the mirrors. This implies that the power reflected from the resonator off-
resonance is not necessarily 100%, which contrasts with the closed cavity result. There
is also the possibility that radiation at the resonant frequency which is transmitted past
the input aperture is nonresonantly scattered out of the resonator. This power can be
thought of as consisting of higher-order modes which are necessary to match boundary
conditions at the input coupling hole. The prebunching resonator in the gyroklystron
experiment represents the first time that a low-Q open resonator has been tested at
millimeter wavelengths.

Preliminary cold tests of prebunching resonators were performed using a 94 GHz
IMPATT oscillator to test the basic properties of low-Q open resonators with large
ccpling holes. The IMPATT can be swept in frequency by applying a 5 Volt ramp to
the frequency modulation port. The output power is approximately 20 mW and the
maximum frequency modulation is ~100 MHz. This source has the advantage that the
frequency is very stable on a sweep-to-sweep basis with a frequency jitter less than 1
MHz, which allows for the precise measurement of the @ of the prebunching resonator.
A 10 mW backward wave oscillator (BWO) is used for measurements at 85 GHz, al-
though the sweep-to-sweep variation precludes accurate Q measurements. A schematic
diagram of the cold test set-up is shown in Figure 16, where the waveguide elements are
standard WR-10 components in rectangular waveguide. The interferometer comprises
a pair of 15.2 cm-diameter mirrors with a hole for input coupling and another to mon-
itor the transmitted signal. The interferometer has a Q of approximately 70000 and
is mounted using a precision micrometer, which allows one to measure the frequency
very accurately and to calibrate the sweep of the IMPATT. Initial measurements used
the swept IMPATT to drive the prebuncher while the reflection was monitored using
a directional coupler, detector, and an oscilloscope. The signal reflected from the pre-

buncher is compared to a 100% reflection from a perfect short circuit placed at the
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Figure 16: Schematic diagram of the cold test set-up.

input mirror or off another port of the waveguide switch. The Q of the prebuncher is
determined by measuring the FWHM of the transmitted resonance, where a portion of
the diffracted signal is collected using a standard-gain horn beyond the mirror edge.
One of the first prebunching resonators tested consisted of a pair of mirrors 3.1 cm
in diameter with a radius of curvature of 20 cm. The mirrors are mounted on a pair
of optical mirror mounts and translated on a rail to vary the separation. The mirror
alignment, which must be accurate to better than several degrees, is optimized using
a HeNe laser. The input mirror is machined out of aluminum with a small centered
coupling hole and a counter bore from the back surface of the mirror to accept a
waveguide flange. Some representative oscilloscope traces of reflection signals from the
prebuncher are shown in Figure 17 for a mirror separation of 4.5 cm. The top trace in
each oscillograph is the 100% reference reflection from a short circuit while the lower
signal is the reflected signal from the prebuncher. For a coupling hole diameter of 0.91
mm, there is no discernible dip in the reflection due to the resonator. The characteristic
dip appears for a coupling hole diameter of 1.32 mm, which is similar in appearance

to that expected in a closed cavity measurement. As the input hole size is increased
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further, a large asymmetry appears due to the interference effects caused by the phase
shift in the resonator. The reflection off-resonance is much less than the 100% value
observed for smaller hole sizes. Finally, a large hole (1.85 mm) causes approximately
100% reflection on-resonance, which is analogous to the overcoupled case in the closed
cavity. However, the reflection is nearly zero as the frequency of the source moves away
from resonance. which is probably due to radiation scattered nonresonantly around the
mirrors.

One of the main conclusions from the data in Figure 17 is that a large fraction of
the incident power can be coupled to the TEMgy mode. From the last oscillograph,
essentially 100% of the power is reflected on-resonance even though the coupling is
large. The cross-sectional dimensions of WR-10 waveguide are 2.54x1.27 mm, so that
nearly all of the power would be radiated past the 1.8 mm diameter coupling hole in
the absence of the far resonator mirror. It is therefore reasonable to expect that a large
portion of the incident power is coupled to the mode of interest for smaller coupling
holes. A direct measurement of the strength of the fields in the prebunching resonator
is performed during the next series of cold tests. A large volume of data was obtained
for the @ of the prebunching resonator as a function of mirror separation and input
coupling hole diameter. As is the case for the output resonator, the measured values
of Q are in agreement with those calculated from scalar diffraction theorv.

The frequency of operation of the quasioptical gyroklystron experiment is deter-
mined by the availability of a suitable source, in this case a high power 85 GHz EIO.
A 75-110 GHz BWO is used for the cold test of the final prebunching resonator. The
BWO frequency is varied by sweeping the beam voltage (typically 2 kV), so that the
BWO is not nearly as stable as the solid state IMPATT. Consequently, the reflection
and transmission measurements are performed using the BWO while the final loaded
Q is obtained using the EIO.

A new pair of mirrors, 3.1 cm in diameter with radius of curvature of 20 cm, are
used for the experiment. Each mirror is machined with a small centered coupling hole
and a counter-bore from the back to accept a WR-10 waveguide flange. The mirrors

are cold tested using the rigid mount that is used in the hot test experiment. In the
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Figure 17: Reflection measurements from a prebunching resonator. The oscillographs

in (a)-(d) correspond to coupling hole diameters of 0.91, 1.32, 1.60, and 1.85 mm,

respectfully.
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cold test, one hole is used to drive the resonator while the other monitors the strength
of the fields in the prebuncher. The separation between the mirrors is fixed at 7 cm so
that the prebuncher assembly fits inside the 14.6 cm diameter of the main crossbore in
the superconducting magnet.

The prebuncher mirrors are surrounded by lossy ceramic rings which serve two pur-
poses. First, the rings absorb the radiation which is diffracted around the prebuncher
mirrors in the experiment. If this radiation were allowed to propagate past the mirrors,
it would be free to interfere with gyroklystron operation by reflecting off surfaces inside
the magnet dewar. Secondly, the lossy rings isolate the prebunching mirrors from the
supporting structure of the mirror holders. This ensures that the Q of the prebuncher
is due solely to the mirrors and not the mirror holder. Additional lossy material is
required at several places in the drift tube assembly to load spurious gyrotron oscil-
lations where the magnetic field is strong. The ceramic Macor was chosen for all of
these regions because of its short lead time, ready availability, easy machining, and low
cost. The thickness of the ceramic is chosen to be an odd number of quarter wave-
lengths in the dielectric to resonantly absorb at the design frequency. The published
values for the real and imaginary parts of the dielectric constant for Macor at 85 GHz
are € = 5.685 — j0.082[50]. However, variations often occur during the production
of the ceramic, so in-house measurements were performed to determine the dielectric
properties.

The standard technique which is used to measure the dielectric properties of a ma-
terial is to compare the reflection from the sample under test to the 100% reference
reflection from a perfect short circuit. The BWO is swept from 75-100 GHz and tran-
sitioned from the TE;o mode in rectangular waveguide to the TE;; mode in circular
guide with an inside waveguide diameter of 1.27 cm. This waveguide is far from cut-off
in W-band, so that the incident radiation is nearly a plane wave. A slab of lossy mate-
rial is inserted between the end of tl.e circular guide and a copper plate. The reflection
from the lossy ceramic is compared to the plate alone, with the results displayed on a
scalar network analyzer. The resonant frequency of the absorption maximum is related

to the magnitude of the dielectric constant, while the depth of the absorption is related
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Figure 18: Measured reflection from the prebunching resonator Macor rings. The

frequency is swept from 75-100 GHz and the vertical scale is 5 dB/div.

to the loss tangent of the material. Using this information from the initial cold test,
the final pieces are machined to resonantly absorb at 85 GHz. The cold test of the rings
used in the quasioptical gyroklystron experiment is shown in Figure 18. The thickness
of the rings is 0.277 inch, with a measured loss of more than 10 dB near 85 GHz. The
reflection from the Macor as a function of frequency is in excellent agreement with
simple transmission line theory using the permittivity values measured in the cold test.
The separation between the prebuncher mirrors can be varied slightly using shims so

that the frequency of operation exactly matches the maximum absorption of the rings.

The cold test set-up used to measure the reflection and transmission from the
prebunching resonator used in the experiment is shown in Figure 19. The BWO is
operated in “A f " mode where the source is swept over a narrow range about the center
frequency of the resonator. The reflected signal is measured via a directional coupler
and a detector, while the transmitted signal is detected through the coupling hole in

the far mirror. The frequency is measured using the interferometer in Figure 16 or
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Figure 19: Cold test schematic for the final prebunching resonator.

simply a standard WR-10 frequency meter off an unused port on the waveguide switch.
The reference short circuit used in the reflection measurements is obtained by placing
a small piece of copper tape over the input coupling hole in the resonator mirror or
over the aperture of an appropriate length of waveguide. The latter is preferred since it
makes a better rf contact and does not allow for any spacial gaps between the waveguide
and the short circuit. Various attenuators are used throughout the circuit to reduce
the effects of standing waves. Also shown in Figure 19 is a radiation pick-up and a
detector. A section of WR-10 is used to map-out the pattern of the diffracted radiation
by moving the pick-up radially away from the mirror’s edge in small increments.

The prebunching resonator mirrors are initially identical with a 0.8 mm diameter
coupling hole and a coupling wall thickness of 0.3 mm. The reflection and transmission
from the resonator are measured, the input coupling hole diameter is increased in small
increments, and the procedure repeated. The signal transmitted to the far coupling
hole is plotted ir Figure 20 as a function of input coupling hole diameter. The size
of the output coupling hole remains fixed for this data. For input holes below 1 mm

in diamet